The taxonomic relationship between some hypha-forming Cryptococcus neoformans strains and those that morphologically fit the standard description of this species was determined on the basis of DNA base ratios and DNA-DNA duplex formation. The average guanosine plus cytosine content, as estimated from melting temperature profiles, varied between 43.0 and 45.9% for all C. neoformans strains examined. The relative homology was at least 60% for all C. neoformans strains when the labeled DNA was from either a hyphal variant or a standard strain. The nonpathogenic cryptococci, C. laurentii and C. uniguttulatus, showed less than 10% relative homology with either the hyphal or standard C. neoformans strains. Thus, hyphal and standard strains of C. neoformans were sufficiently related to be considered members of the same species.
Cryptococcus neoformans (Sanfelice) Vuillemin is described morphologically as an asporogenous yeast that reproduces only by budding and forms only rudimentary pseudomycelium (16) . In 1966 Shadomy and Utz (21) described a hypha-forming variety of C. neoformans, originally isolated from a case of human cryptococcosis, which was able to produce under appropriate conditions a true mycelium in addition to buds and pseudomycelium. Subsequently, Shadomy (18, 19) reported on other strains of C. neoformans that form true mycelium. It was the purpose of our study to compare the relationship of certain such strains with C. neoformans strains that morphologically fit the standard description of this species (16) , with two nonpathogenic cryptococci, and with a strain of Candida albicans. This was done by examining the deoxyribonucleic acid guanine plus cytosine (DNA G + C) content and the degree of homology as determined by DNA-DNA reassociations. Several recent studies (1, 25) have utilized this information about DNA to establish taxonomic and phylogenetic relationships among fungi. For the hyphal C. neoformans strains, some of the morphological and physiological characteristics used in present yeast classification (27) were also determined.
MATERIALS AND METHODS
Organisms, growth conditions, and harvesting. C. neoformans standard strains C-98, C-106, C-15, and hyphal strain C-145, C. uniguttulatus, C. laurentii, and C. albicans DS-378 were all obtained from the mycology collection in this department. The yeast (9.5) and hyphal (9.6) forms of the Coward strain and yeast (9.25) and hyphal (9.26) forms of the Stanford strain of C. neoformans were obtained from H. J. Shadomy at the Medical College of Virginia. Escherichia coli strain B was obtained from W. C. McDonald of this department.
E. coli was maintained on Pai egg medium (16) at 37 C, and all the fungi were maintained on Sabouraud glucose agar at room temperature. To obtain cells for DNA extraction, the cryptococcal strains were grown on a 5% glucose, 1% peptone, 0.3% yeast extract medium, initial pH 4.5; C. albicans was grown on a similar medium with 2% glucose; E. coli was grown on Trypticase soy broth. Cultures were incubated at 26 to 28 C on a gyratory shaker (New Brunswick Scientific Co., Inc.) at C. neoforrnans cells were heat-killed at 65 C for 1 h and then were harvested. All organisms were harvested by centrifugation and washed twice with saline-ethylenediaminetetraacetic acid (EDTA) (0.15 M NaCl plus 0.1 M EDTA, pH 8.0). Before freezing, C. albicans cells were given an additional washing with saline-EDTA containing 2% sodium dodecyl sulfate (SDS).
To prepare radioactive DNA, the C. neoformans strains were grown in 1 liter of the medium described above. Twelve hours after inoculation, adenine-2,8-3H (7.9 Ci/mmol, International Chemical and Nuclear Corp.) was added to the medium at 5 MCi/mmol. Incubation was continued for an additional 36 h, then the cells were harvested.
Morphological and physiological tests. In addition to methods routinely employed for yeast identification (27) , the C. neoformans strains and C. albicans were cultured on the Staib nigerseed-creatinin medium (23) to determine their ability to form brown pigment. Mycelial formation in the hypha-forming C.
neoformans strains was initiated and observed by growth under cover slips on a modified V-8 juice agar (17) at about 25 C.
Micromanipulation. Clones were derived from single yeast cells with the aid of a de Fonbrune micromanipulator by the following procedure. A fresh yeast culture was streaked on yeast morphology agar (Difco Laboratories, Detroit, Mich.). An area of minimal cell concentration was selected, and a block of agar containing this area was cut out and placed on a sterile, glass slide. Individual yeast cells were located with the low-power objective and marked with sterile, glass beads (0.25 to 0.30 mm diameter) by adhering the beads to a sharpened, dissecting needle with sterile glycerol and placing them on the agar with the aid of the micromanipulator. The position of the beads on the agar block, as well as the position of the yeast cells in relation to the beads, was recorded. The agar block was incubated at room temperature in an ordinary slide culture setup. After about 30 h of growth, the microcolonies that arose at the marked positions were transferred to sterile, agar blocks with a 28-gauge platinum wire attached with a microtool holder to the micromanipulator. The platinum wire was arranged with a sharpened right-angle hook, for picking up a large portion of the yeast cells in the microcolony, and was sterilized between transfers with boiling water.
Five clones, each from a single yeast cell, were derived from Stanford hyphal form 9.26 and were designated 9.26(1), 9.26(2) , etc. Three clones were derived in the same way from Coward hyphal form 9.6 and designated in a similar manner.
Isolation of DNA. DNA was extracted from C. albicans by the method of Smith and Halvorson (22) , except that an additional ethanol (ETOH) precipitation was included after the first chloroform-isoamyl extraction. Additional freeze-thaw cycles increased the disruption of the cells and ten cycles were included in the procedure. E. coli cells were disrupted by the procedure of Marmur (10) , and DNA was extracted as for C. albicans. A modification and combination of procedures described by Jones (7), Marmur (10) , and Smith and Halvorson (22) was employed for extracting DNA from the cryptococci. Cells were freeze-thawed four times after harvesting, suspended in saline-EDTA (from 3 to 1 wt/vol), and disrupted in a French pressure apparatus at 20,000 lb/in2 three to five times until about 60 to 80% (by microscopy observation) of the cells were disrupted. The suspension was kept cool during the procedure by collecting the disrupted cells on ice in a container. The resulting lysate was brought to 2% SDS by adding 3% SDS-saline-EDTA solution, and heating at 60 C for 30 min. After cooling, solid sodium perchlorate was added to bring the concentration to 1 M, and a chloroform-isoamyl alcohol extraction was done as described by Marmur (10) . Three volumes of ETOH were added to the aqueous phase, and the resulting precipitate was collected by centrifugation at 600 x g for 20 min. The precipitate was then dissolved in (0.15 M NaCl + 0.015 M sodium citrate [SSC], pH 7); solid NaCl was added to bring the concentration to 1 M, and the concentration was incubated with Pronase (22) . Then the nucleic acids were precipitated with ETOH, collected by centrifugation, redissolved in SSC, and incubated with a mixture of pancreatic and T, ribonuclease (RNase) (22) for 45 min. Then the solution was made 1 M with respect to NaCl and incubated again with Pronase. This procedure was followed by two 15-min chloroform-isoamyl alcohol extractions, and the aqueous phase was again precipitated with ETOH. The precipitate was carefully brought into solution with NaCl (final concentration of 0.5 M). After adding enough cetyltrimethyl ammonium bromide (CTAB) in distilled water to bring the final solution to 1% CTAB and 0.1 M NaCl, the resulting DNA precipitate was collected at 8,000 x g for 20 min, redissolved in 1 M NaCl, and reprecipitated with ETOH. This final precipitate, collected by centrifugation, was dissolved in a minium of SSC, dialyzed against 1 liter of SSC at 4 C for 24 h, with one change of the buffer after 12 h, and then stored at 4 C over a few drops of chloroform.
The amount of DNA was estimated by a modification of the diphenylamine reaction (3) and by absorbance at 260 nm.
Base ratios. The percentage of G + C content was estimated by determining melting temperature (Tm) profiles in SSC, as outlined by Mandel and Marmur (9) , by using a Gilford recording spectrophotometer equipped with a Thermosensor probe which had been previously calibrated against two mercury thermometers. Because for most samples there was a gradual increase in the 260-nm absorbance at the lower temperatures, the hyperchromic shift for determining Tm was measured from 75 to 97 C. The percentage of G + C content was calculated by the formula of Marmur and Doty (11) .
DNA homology. DNA was bound to filters by a modification of Gillespie's method (6) method. DNA in 0.1x SSC was denatured for 10 min at pH 13 To carry out the DNA-DNA duplex reactions, tritium-labeled DNA in SSC (about 10,000 counts per min per Mg) was degraded for 10 min in a 9-kc sonic oscillator operating at maximum capacity. Then 1 Mg was added to each of a series of 13-by 100-mm test tubes along with 160 gliters of SSC. The radioactive DNA was denatured in a boiling-water bath for 20 min and quickly cooled in an ice bath. Then the disks, which had been preincubated for 2 h at 65 C in 0.5 ml of Denhardt (5) No spoolable DNA (which could be collected on glass rods) was recovered from any of the C. neoformans strains, whether standard or hyphal. However, spoolable DNA could be recovered from C. albicans, C. laurentii, and C. uniguttulatus when the identical procedure was used. When cells of Stanford hyphal strain 9.26 were disrupted by ten freeze-thaw cycles, the DNA recovered was in a lower yield than when the cells were disrupted with the French pressure cell, and this DNA was also nonspoolable.
Base ratios. Figure 1 represents a Tm profile for one of the C. neoformans strains (Stanford yeast form 9.25). Table 2 summarizes the average Tm and the corresponding percentage of G + C content for the DNA of each of the various organisms examined. For the fungi, where the number of determinations exceeded three, this indicates that Tm was determined on at least two different samples, i.e., DNA isolated from the same organism on at least two separate occasions.
The hyperchromic shift for the E. coli sample was about 0.38. The average hyperchromic shift for all samples of DNA from C. neoformans strains was 0.32, with a range of 0.26 to 0.39. The hyperchromic shifts for the three samples of DNA isolated from C. albicans by the Smith and Halvorson procedure (22) were 0.18, 0.23, and 0.37. Although the shifts in two cases were rather low, the data were included because the melting curves exhibited an abrupt increase and leveling off. The hyperchromic shift was 0.37 for the DNA of C. albicans isolated by the procedure used for the cryptococci.
The E. coli strain B, which was included as a control, in comparing our system for determining Tm with the systems of other laboratories, gave an average Tm of 91.0 for five determinations and compared reasonably well with the value of 90.7 determined in other laboratories (4) .
Tm determinations were done on DNA iso- Only 30 to 40% of the cryptococcal DNA was fixed on the filters when the optimal conditions for binding, as suggested by Gillespie (6), were followed. This compared with about 70% retention for E. coli DNA and about 60% retention for C. albicans DNA.
When the amount of DNA bound to all of the small disks, which were cut from a single large filter, was determined, it was found that the single disk cut from the center consistently had the lowest value; but only trifling differences, if any, were observed among disks from other regions in all cases. These center disks were routinely discarded and not used for the homology experiments. Table 3 gives the results of DNA-DNA duplex experiments utilizing labeled DNA from a culture of C. neoformans Stanford 
DISCUSSION
All of the morphological and physiological characteristics of the hyphal strains of C. neoformans that were examined were identical with those of the standard strains, with the exception of their ability to produce pseudoand true mycelium. Work by Shadomy (18, 19) , Shadomy and Lurie (20) , and Mitchell (T. G. Mitchell, Ph.D. dissertation, Tulane Univ., New Orleans, La., 1971) has confirmed the pathogenicity for mice of the Stanford, Coward, and C-145 strains. In addition, clones derived from single yeast cells of both Stanford and Coward hyphal cultures demonstrated the ability to form brown pigment on nigerseedcreatinin medium while retaining the ability to form hyphae when grown under cover slips.
In attempting to obtain DNA, C. neoformans cells proved more difficult to disrupt than C. albicans, and it was necessary to resort to mechanical means of disruption, in this case the French pressure cell, which was found to be more effective than a Braun homogenizer or grinding the cells in a mortar and pestle after freezing with liquid nitrogen. A few attempts also were made to prepare protoplasts by using digestive juice of the snail Helix pomatia, but they proved unsuccessful.
Because spoolable DNA could not be recovered from any of the C. neoformans strains, it was thought at first that the DNA was being highly degraded by the French pressure cell. Because spoolable DNA could be recovered from cells of C. albicans, C. laurentii and C. uniguttulatus when they were disrupted with the pressure cell, and because only nonspoolable DNA could be recovered from C. neoformans strain 9.26, even when the cells were disrupted by the freeze-thaw procedure, it was felt that there were unknown factors, other than the shearing forces, that consistently resulted in nonspoolable DNA from C. neoformans.
The presence of large quantities of material presumed to be capsular heteropolysaccharide accompanying the nucleic acids during the isolation procedure created additional difficulties in isolating DNA from C. neoformans. Growing the cells in 5% glucose and harvesting in the late log phase (48 to 50 h) tended to prevent formation of large capsules. However, there was still a considerable amount of heteropolysaccharide, and this could be separated by precipitation of the DNA with cetyltrimethyl ammonium bromide. It was found that the isopropanol step of Marmur (10) could not be applied successfully to get rid of the heteropolysaccharide.
The gradual increase in the absorbance at 260 nm at the lower temperature (Fig. 1) The results of the base ratio studies showed that the hyphal and standard strains had similar G + C contents, and essentially no differences in G + C content were found in single-cell clones 9.6(1) and 9.26(1) when they were compared with Coward strains 9.5 and 9.6 and Stanford strains 9.25 and 9.26, respectively. The maximum variation in average G + C content between all C. neoformans strains was about 3%, which would not be unusual for a group of isolates belonging to the same species (25) . It should be noted also that in some cases variation due to experimental error was of this magnitude. Thus for strain 9.6, the eight determinations were done on samples of DNA from three separate isolations. Two samples had Tm values clustered around 88.0, and the other had values around 86.6, representing a difference of approximately 4% in G + C content. For strain C-145, the six determinations were done on four samples; the range in Tm values was 87.7 to 86.0, or a variation in G + C content of 4.2%. By using buoyant densities to estimate G + C content, Storck and Alexopoulos (25) found somewhat similar variations in repeated measurements of a single DNA sample from either Penicillium atramentosum or Syncephalastrum racemosum. Thus the results of the base ratio studies indicate that differences between the hyphal and standard strains cannot be distinguished on this basis.
The average G + C content for all of the C. neoformans strains used in this study varied between 43.0 and 45.9%. By using buoyant densities, Storck, Alexopoulos, and Phaff (26) determined the G + C content of a single strain to be 51.5%, whereas Nakase and Komagata (12) , by using Tm determinations, found the G + C content for two C. neoformans strains to be 49.8 and 49.0%. No explanation can be given for the difference in values obtained in the present study nor for those reported by the investigators cited above. In a similar study by Nakase and Komagata (13), the G + C content for several C. albicans strains varied between 34.4 and 34.9%, which correlates reasonably well with the values for C. albicans obtained in our study as well as with the 35.1% G + C content found for C. albicans by Stenderup and Bak (24) .
With the reaction conditions utilized here, both standard and hyphal C. neoformans strains showed at least 60% homology when reannealed with radioactive DNA from either hyphal strain 9.26 (1) Ouchi et al. (14) , by using labeled DNA from S. cerevisiae and the DNA-agar technique, found relative homologies with two other strains of this species to vary between 55 and 69%. The divergence from 100% homology of some C. neoformans strains in our study is similar to the divergence shown by S. cerevisiae strains in the latter study, and this would not contradict the contention that the standard and hyphal strains comprise a single species. However, as Brenner and Falkow pointed out (2), several experimental parameters affect reassociation, so that it is difficult to compare the varying degrees by which members of the same species deviated from 100% homology under different experimental conditions.
The relatively low homologies shown by both of the nonpathogenic cryptococci to C. neoformans strains C-98 and 9.26(1) tend to accent the close relationship between hyphal and standard strains of C. neoformans. First, the percent homology to strain C-98 determined for C. leurentii (7.5%), C. uniguttulatus (3.2%), as well as C. albicans (7.8%) was similar to the percent homology to strain 9.26(1) determined for each of these organisms (7.0, 3.3, and 6.5%, respectively), suggesting measurements of relatedness to similar reference DNA. Secondly, although the two nonpathogenic cryptococci share several morphological and physiological characteristics with C. neoformans, considerably lower homologies were shown by these cryptococci to the reference strains as compared VOL. 7, 1973 with the C. neoformans strains. The studies of Bicknell and Douglas (1) and Ouchi et al. (14) indicate a considerable divergence among yeasts when the relatedness is measured by DNA-DNA reassociations. Based on such studies, the pattern emerging is that, unless the yeasts are very closely related, the relative homology tends to fall to rather low levels. Consequently the relatively high homologies shown by all the C. neoformans strains to the reference strains, as opposed to the rather low homologies shown by the nonpathogenic cryptococci, would support a close relationship among all the C. neoformans strains studied, regardless of morphological differences.
It is interesting to note that at one time C. uniguttulatus was considered to be a variety of C. neoformans (8) . Phaff and Fell (16) elevated this organism to species rank, and the data in our study would lend support to that decision.
In conclusion, the high degree of DNA homology between the hyphal strains of C. neoformans and strains that fit the standard description, along with similarities of physiological properties and G + C content, indicated that they were sufficiently related to be considered members of the same species.
